Acyl-activating enzymes are a diverse group of proteins that catalyze the activation of many different carboxylic acids, primarily through the formation of a thioester bond. This group of enzymes is found in all living organisms and includes the acyl-coenzyme A synthetases, 4-coumarate:coenzyme A ligases, luciferases, and non-ribosomal peptide synthetases. The members of this superfamily share little overall sequence identity, but do contain a 12-amino acid motif common to all enzymes that activate their acid substrates using ATP via an enzyme-bound adenylate intermediate. Arabidopsis possesses an acyl-activating enzyme superfamily containing 63 different genes. In addition to the genes that had been characterized previously, 14 new cDNA clones were isolated as part of this work. The protein sequences were compared phylogenetically and grouped into seven distinct categories. At least four of these categories are plant specific. The tissue-specific expression profiles of some of the genes of unknown function were analyzed and shown to be complex, with a high degree of overlap. Most of the plant-specific genes represent uncharacterized aspects of carboxylic acid metabolism. One such group contains members whose enzymes activate short-and medium-chain fatty acids. Altogether, the results presented here describe the largest acyl-activating enzyme family present in any organism thus far studied at the genomic level and clearly indicate that carboxylic acid activation metabolism in plants is much more complex than previously thought.
Carboxylic acid activation plays a vital role in numerous metabolic pathways in all living organisms. Activation of carboxylic acids provides the precursors for pathways that lead to the biosynthesis and/or breakdown of many types of important metabolites, including lipids, amino acids, sugars, and a variety of secondary metabolites. Given the chemical diversity of substrates requiring activation, several types of carboxylic acid activating enzymes have evolved to fulfill this role. Although some of these enzymes couple carboxyl groups to amines or alcohols, most acyl-activating enzymes are acid-thiol ligases (EC 6.2.1). Even within this smaller group, the similarity in the types of products formed is not strictly reflected in the routes by which these enzymes carry out their respective reactions: at least three different catalytic mechanisms are used to create the various thioester products (Groot et al., 1976; Stein et al., 1996; Sánchez et al., 2000) . We are particularly interested in the acyl-activating enzymes (AAEs). This group of enzymes has previously been called the acyl adenylate-forming (Conti et al., 1996; Chang et al., 1997) or AMP-binding protein (Fulda et al., 1997) superfamily. In this report, we define AAEs as those enzymes that first activate their respective carboxylic acid substrates through the pyrophosphorylysis of ATP, forming an enzyme-bound acyl-AMP intermediate called an adenylate. The carbonyl carbon of the adenylate most commonly then undergoes nucleophilic attack by the free electrons of a thiol group from the acyl acceptor, forming the relevant thioester and releasing AMP (Bar-Tana et al., 1973) . The identity of the ultimate acyl acceptor may vary considerably.
AAEs have been described in every class of organism on earth. Dozens, if not hundreds, of genes have been cloned, and the respective enzymes have been shown to participate in an immense variety of anabolic and catabolic pathways. Most organisms contain one or more of the different types of acyl-CoA synthetases, which includes enzymes that activate acetate, medium-chain, long-chain, and very longchain fatty acids (for review, see Watkins, 1997) . Other acid:CoA ligases synthesize CoA thioesters of such diverse acids as hydroxy-and chlorobenzoate (Chang et al., 1997) , cinnamic acid (and several derivatives of cinnamate; Lee et al., 1995) , citrate, malate, and malonate (An et al., 1999) . Microbial multidomain enzyme complexes that contain AAE domains carry out synthesis of many peptide antibiotics and polyketides. These domains transfer the activated acyl substrate to the thiol group of an enzyme-bound 4-phosphopantetheine group (Conti et al., 1997) . The firefly Photinus pyralis produces the chemiluminescent compound luciferin. This molecule is produced by the unusual AAE enzyme luciferase, which catalyzes the oxidative decarboxylation of an acyl-AMP using molecular oxygen, thus forming the chemiluminescent compound luciferin (Conti et al., 1996) . Luciferase also binds coenzyme A, although its role in the reaction is not clear (Conti et al., 1996) .
Despite the extraordinary differences in their substrates, products, and sizes, most AAEs share some conserved structural elements. One motif in particular appears to be absolutely necessary for binding of ATP and adenylate formation (Conti et al., 1996) . This motif (PROSITE PS00455) is very highly conserved in many of the enzymes that catalyze the general two-step, adenylate intermediate-containing reaction (Conti et al., 1997) . The presence of this motif unites this group of AAEs into a large superfamily.
The investigation of acid activation in plants has lagged behind that of animals, yeast, and bacteria. Although extensive reviews regarding mammalian and bacterial acid activation have been written (Watkins, 1997) , only a few reports that characterize fatty acid-activating enzymes from plants currently exist. These studies have primarily focused on the long-chain acyl-CoA synthetases (LACSs), a class of enzymes that provide the acyl-CoA pools used to synthesize the phospholipids and triacylglycerols found in plant vegetative and seed tissues (Fulda et al., 1997; Pongdontri and Hills, 2001; Shockey et al., 2002) . Recently, we characterized the gene family for LACS in Arabidopsis. This group consists of nine genes whose enzymes activate 14 to 20 carbon fatty acids . Extended analyses of individual members of the LACS gene family has begun to reveal important information about the roles of peroxisomal and plastidial (Schnurr et al., 2002) isoforms of this enzyme. However, we felt that the completion of sequencing of the Arabidopsis genome created a unique opportunity to extend our knowledge of carboxylic acid activation beyond LACS enzymes alone. Using the conserved AAE sequence elements as sequence analysis tools, we identified, compared, and analyzed a surprisingly large number of other putative AAE genes.
Careful reviews of the plant literature revealed very few other biochemical descriptions of carboxylic acid activation reactions (Orchard and Anderson, 1996; Behal et al., 2002) . Also rare were descriptions of cloned cDNAs or purified enzymes that catalyze these reactions (Lee et al., 1995; Ehlting et al., 1999) . The glaring discrepancy between the large number of new AAE genes identified in our analyses and the low number of defined biochemical reactions or pathways that use AAE-derived reaction products compelled us to investigate the AAE superfamily much more closely. We conclude that the family of genes described here constitutes the entire set of ATP-dependent AAEs in Arabidopsis. Many of these genes had not been previously cloned, and the biochemical functions of most of them were unknown. Through a combination of sequence analyses and biochemical characterizations, we have determined the functions of some of the newly characterized sequences, including that of an entirely new subclass of plant-specific AAE genes. These data are summarized in this report. This information will be used as a framework from which rational investigations into the subcellular locations and physiological roles of different subsets of these genes can be undertaken.
RESULTS

Identification and Phylogenetic Analysis of AAE Superfamily in Arabidopsis
Our initial efforts to investigate carboxylic acid activation in plants centered on the search for LACS genes in Arabidopsis. The LACS gene family ultimately was found to contain nine genes, as determined by the cloning and functional expression of the corresponding cDNAs in yeast and Escherichia coli . In addition to these genes, however, our searches revealed a large number of other genes that bore significant sequence similarity to known LACSs from other organisms. The predicted amino acid sequences of each of these genes contain numerous conserved motifs; however, one motif in particular was very strictly maintained in all the sequences. As such, this motif acts as the unifying feature of the AAE gene superfamily. The AAE consensus motif is represented in the PROSITE PS00455 consensus sequence
. Searches of the annotated Arabidopsis genome identified 44 genes that contained the AAE consensus motif and possessed high sequence similarity to known AAEs from other organisms. This set of genes included the family of nine LACSs, three known 4-coumarate:CoA ligases (4CLs), and one acetyl-CoA synthetase. In addition, we found 31 genes of unknown function.
However, during these studies, Staswick et al. (2002) described the cloning and partial characterization of a family of 19 cDNAs that are functionally related to the AAEs described here. Biochemical analysis indicated a related enzymatic function for these enzymes, so their sequences were included in our analysis.
The degree of sequence similarity between the sequences of all 63 AAEs was assessed by phylogenetic comparisons. Using the neighbor-joining algorithm (Saitou and Nei, 1987) , the sequences were aligned and compared using the ClustalX program (Thomp-son et al., 1997) . The resulting multiple sequence alignment was displayed graphically as an unrooted phylogenetic tree, as shown in Figure 1 . The names, GenBank accessions, Munich Information Center for Protein Sequences (MIPS) codes, and other information pertinent to each of the AAE superfamily genes are summarized in Table I .
As shown in Figure 1 , the AAE superfamily segregated into seven distinct subfamilies. Clade I contains the LACS subfamily, consisting of the nine genes active against long-chain fatty acids, plus two genes (AAE15 and AAE16) that are highly similar to the LACSs but do not produce LACS enzyme activity in vitro. These genes have been characterized in greater detail previously . As yet, the enzyme activities encoded by AAE15 and AAE16 remain a mystery.
Previous reports described a single gene for acetylCoA synthetase (At5g36680; Ke et al., 2000) . Analysis of Figure 1 reveals two new genes (AAE17 and AAE18) with limited sequence similarity to acetylCoA synthetase. These three sequences form clade II.
The amino acid sequence of the known acetyl-CoA synthetase shares only 28% identity with that of either of the two related genes, compared with 50% to 55% identity between the Arabidopsis acetyl-CoA synthetase and the homologous enzymes from Brewer's yeast (Saccharomyces cerevisiae), fruitfly (Drosophila melanogaster), or Caenorhabditis elegans (data not shown). Definitive assignment of function to AAE17 and AAE18 will require biochemical assays and other types of analysis.
The largest clade (clade III) within the AAE superfamily is made up of the adenylases described by Staswick and coworkers (2002) . These enzymes are thought to participate in plant hormone signaling pathways, through ATP-dependent adenylation of jasmonate, salicylate, and/or indole-3-acetic acid (IAA). The identity of the acyl acceptor(s), if any, is not yet known. Activation of these substrates had never been observed previously. The unusual nature of the acyl group substrate suggested that the sequences of these enzymes were unique compared with the other types of known AAEs. This hypothesis Figure 1 . Phylogenetic analysis of the Arabidopsis AAEs. The complete protein sequences of the AAEs were aligned using ClustalX and were displayed graphically using TREEVIEW as described in the text. The branch lengths are proportional to the degree of divergence, with the scale of "0.1" representing 10% change. Figure 2 . The discovery of these genes is significant in that the search for AAEs must now be expanded to include those enzymes that contain a non-canonical AMP-binding/adenylate-forming motif. The phylogenetic comparison of this superfamily also revealed several new sequences related to the 4CLs. 4CL produces CoA thioesters of a variety of hydroxy-and methoxy-substituted cinnamic acids, which are used to synthesize several phenylpropanoid-derived compounds, including anthocyanins, flavonoids, lignin, and coumarins. Genes for 4CL have been cloned from numerous plant species, including three from Arabidopsis. These three genes had been assumed to comprise the complete 4CL gene family in Arabidopsis (Cukovic et al., 2001) . Clade IV contains these three 4CLs, but also two new genes (At1g62940 and At3g21230) that are closely related to the coumarate-CoA ligases and therefore probably encode 4CL or related activities as well. Eight other new sequences that possessed considerable sequence similarity to the cloned 4CLs were also discovered. These genes (At4g19010, At4g05160, At5g63380, At1g20510, At5g38120, At1g20480, At1g20490, and At1g20500) formed clade V.
Perhaps the most intriguing observation made concerning the phylogenetic comparisons summarized in Figure 1 was the discovery of the new undescribed 14-member subfamily of genes that make up clade VI. The deduced proteins in this group contained the consensus AMP-binding motif and possessed approximately equal degrees of sequence identity to the members of the LACS and 4CL clades (approximately 20%-25% amino acid identity), including much higher levels of identity in several other conserved amino acid motifs (data not shown). These data strongly suggested that these genes encode some type of acid:CoA ligase. As described in more detail later in this report, database searches revealed that homologs for these genes could only be found in other plant species. Therefore, this class of genes seemed to represent a plant-specific branch of CoAdependent acid activation biochemistry not previously investigated.
Finally, clade VII of Figure 1 contains three genes of unknown function. These genes are quite widely diverged; the sequences bear only slightly more similarity to each other than to any of the other genes in the family. These genes are more similar to the 4CLs than to the LACSs, the acetyl-CoA synthetase, or any of the genes in clade VI, but only slightly so (approximately 25% amino acid identity to 4CL1, compared with 20%-22% for the other sequences). On the basis of this analysis, the biological role of each of these three genes may be unique, unlike the high degree of overlapping function expected from many of the other groups in this family that contain several related orthologous genes.
Comparison of AAE Superfamily Complexity between Arabidopsis and Other Organisms
To assess the relative complexity of the AAE superfamily in Arabidopsis, representative members of each of the different clades of genes shown in Figure  1 were used to search the completed genome databases of various other eukaryotic and prokaryotic organisms. The total number of AAE genes in each genome was determined by conducting BLAST searches (Altschul et al., 1997) with representative protein sequences. Table II summarizes this information. Where possible, the genes were separated into different functional categories. Some of the eukaryotic genomes, in particular, have not yet been completely annotated. Therefore, the numbers and types of genes presented in Table II represent the most accurate data that we could determine through database searches, but some of the specific information may change as the AAE genes in these organisms are analyzed in more detail. The AAE genes that had not been characterized specifically or did not contain an irrefutably high level of sequence identity to a par- All organisms investigated contained members of the AAE superfamily, as expected. All, however, contained far fewer AAE genes than Arabidopsis. Hemophilus influenzae and Synechocystis sp. PCC6803 possessed the two smallest genomes analyzed (approximately 1,740 and 3,168 genes, respectively; Fleischmann et al., 1995; Kaneko et al., 1996) and the fewest AAE genes (three each). Pseudomonas aeruginosa, on the other hand, contained both the largest bacterial genome (Stover et al., 2000) and the largest number of AAE genes in a prokaryote. Analysis of the eukaryotic genomes revealed that genome complexity and AAE gene number are not always directly correlated. Fruitfly and C. elegans, which contain about 14,000 and 19,000 genes, respectively (Stein and Thierry-Mieg, 1998; Adams et al., 2000) , contained at least 30 different AAE genes each. The human genome (approximately 35,000 genes) contained only about 14 AAEs. However, annotation of the human genome is not yet complete, and the true number of AAE genes in the human genome may actually be much higher.
The data presented in Table II provide an interesting perspective on the dynamic process of genome evolution and how the numbers and types of AAEs have evolved to meet the physiological needs of each species. However, the most salient point to be derived from Table II is that Arabidopsis, with a genome of 120 Mbp and approximately 25,000 genes, has evolved an AAE superfamily of far greater size and complexity than any other organism whose genome has been sequenced thus far. These data, combined with the phylogenetic groupings shown in Figure 1 , suggest that Arabidopsis may contain classes of carboxylic acid-activating enzymes that have not yet been discovered or characterized in any way.
Analysis of AAE Gene Expression Profiles
Deciphering the function of an unknown gene typically requires a specific determination of the timing and location of gene expression. Gene expression for the newly cloned genes from clades II, VI, and VII was measured by semiquantitative reverse transcriptase (RT)-PCR . The results are shown in Figure 3 . The actin ACT8 gene was used as a control. Figure 3B shows the expression patterns for the genes in clade II. The acetyl-CoA synthetase gene was expressed in germinating seedlings and developing seeds, albeit rather weakly. Acetyl-CoA synthetase has been investigated as a source of the acetyl-CoA starting material needed for fatty acid synthesis (Ke et al., 2000) . Although it is not known to what extent transcript level correlates to enzyme activity level for this gene, the low levels of expression of this gene in seedlings and developing seeds is consistent with other recent findings that argue against acetyl-CoA synthetase playing a significant role in fatty acid synthesis (Behal et al., 2002) . The two other genes in clade II, AAE17 and AAE18, were expressed in similar, but partially nonoverlapping patterns, both of which are distinct from acetyl-CoA synthetase. Both genes were expressed at low levels in developing seeds. AAE18 was expressed in flowers and leaves. AAE17 was expressed in stems and leaves but was one of the few genes in the entire superfamily that did not show detectable expression in flowers. The function of these two genes is unknown. Sequence homology alone does not clearly indicate a likely purpose; although belonging to the same clade of genes as the acetyl-CoA synthetase, the level of similarity between the acetyl-CoA synthetase and either AAE17 or AAE18 is low. Although sharing 54% amino acid identity between them, AAE17 and AAE18 are only 28% identical to acetyl-CoA synthetase. The expression patterns of the genes in clade VII are shown in Figure 3A . AAE3 was expressed ubiquitously throughout the plant and at the highest levels observed for any of the genes tested in Figure  3 . These results are consistent with the analysis of the Arabidopsis expressed sequence tag collections, which showed that AAE3 is represented by more than 50 different expressed sequence tags, far more than any of the other genes in the AAE superfamily. The expression patterns for AAE13 and AAE14 were very similar. Each was expressed throughout the plant, with lowest levels in roots and highest levels in leaves and flowers. The similar transcriptional profiles for these two genes may suggest some similarity or overlap in function, despite the low level of sequence identity between them. Figure 3C summarizes the results of the analysis for the genes in clade VI. Like AAE17, AAE18, and all three genes from clade VII, all 14 genes in clade VI are plant specific. Database searches revealed undeniable homologs in several different plant species but none were found in the genomes of bacteria, humans, mice, or yeast (data not shown). This large subfamily showed a highly varied and complex pattern of gene expression. Like the LACS subfamily, several of the genes were expressed throughout the plant . AAE7 in particular was expressed at high levels in all tissues tested. AAE11 was unique within all three sets of genes analyzed here in that its expression appeared to be flower specific. Although nearly all other genes in the superfamily, including the LACS genes, are expressed in flowers, only AAE11 and LACS5 are flower specific . Collectively, the data summarized in Figure 3 do not clearly indicate a particular function for any of the genes analyzed. They do indicate though that several of the genes, such as AAE1, AAE3, AAE4, and AAE7, provide a ubiquitous housekeeping function throughout the plant, whereas the specificity in timing and location of expression of other genes, such as AAE9, AAE10, and AAE11, suggests a more specialized role for these enzymes. Figure 3 clearly demonstrates the complexity of the Arabidopsis AAE superfamily and how many different transcriptional patterns exist for individual genes or subsets of genes. From these results, it is also clear that the large size of the AAE superfamily is not due to the presence of several unexpressed pseudogenes. These data reiterated to us how little we know about the numbers and types of organic acid activation reactions in plants, and about the enzymes that catalyze these reactions. Therefore, we attempted to learn more about the functions of some of the newly cloned AAE genes. Given their seclusion to the plant kingdom, and their lack of substantial homology to any other characterized group of AAE genes, we concentrated on the genes of clade VI.
Biochemical Analysis of Clade VI AAEs in Vivo and in Vitro
Biology contains well-known examples of genes of unrelated structure being recruited to serve the same function. With this in mind, we considered the possibility that the clade VI genes might represent a second family of LACSs. To address this possibility, nine representative cDNAs from clade VI (AAE1, AAE2, and AAE4-AAE10) were cloned into the Galinducible yeast expression vector pYES2 and transformed into competent cells of the YB525 mutant of Brewer's yeast. As described previously (Knoll et al., 1995) , when cultured in the presence of fatty acids as Gene-specific primer pairs for each gene were used to assess the relative expression levels of each gene by RT-PCR starting from total RNA as described in the "Materials and Methods." GS, Germinating seedling; R, root; St, stem; L, leaf; F, flower; DS, developing seed; M, M r marker.
the sole carbon source, and in the presence of cerulenin, which inhibits endogenous fatty acid synthesis, YB525 will not grow unless complemented by an active, non-peroxisomally targeted LACS. Although all seven non-peroxisomal LACS constructs restored growth of the mutant to wild-type levels , none of the clade VI AAE constructs complemented the mutant phenotype (data not shown). These results strongly argued against the possibility that the clade VI AAE genes were a second class of LACSs.
To extend the analysis of the possible substrate specificity of the clade VI AAE genes further, representative members of this subfamily were cloned into prokaryotic expression vectors and overexpressed in E. coli. Membrane fractions from isolates expressing AAE1, AAE2, AAE7, AAE9, AAE11, or AAE12 were tested for the ability to attach coenzyme A to all straight-chain acid substrates ranging in length from C2 (acetate) to C14 (myristate). The results of these assays are shown in Figure 4 . Most of the enzymes were not active against any of the substrates tested. However, AAE7 and AAE11 were selectively active against some of the short-and medium-chain substrates. AAE7 activated butyrate at nearly 2,400 nmol h Ϫ1 mg Ϫ1 of total membrane protein and acetate at approximately one-fourth that rate. This enzyme showed no activity against any substrates longer than C4. AAE11, on the other hand, displayed activity against C6 and C8 acids, with no measurable activity against acetate or butyrate.
DISCUSSION
The study of yeast and mammalian AAEs has identified important and specific roles for carboxylic acidactivating enzymes in disease (Watkins et al., 2000) , metabolite transport (Faergeman et al., 2001) , and signal transduction (Johnson et al., 1994) , whereas only preliminary cloning and characterization of the first plant enzymes of this type, the LACSs, has been achieved (Fulda et al., 1997; Pongdontri and Hills, 2001; Shockey et al., 2002) . During our efforts to clone the LACS gene family, it became obvious that Arabidopsis contained a very large number of genes with substantial levels of sequence identity to the known LACS genes of other organisms. The main purpose of this study was to try to categorize this entire family of genes.
The Arabidopsis genome contains 63 genes that possess a close match to the AMP-binding/ adenylate-forming consensus defined by PROSITE motif PS00455. This set included nine LACS genes and 19 plant hormone adenylases, including JAR1 (Staswick et al., 2002) . Although JAR1 and the other hormone adenylase genes are evolutionarily quite distant to the other members of this superfamily (see Figs. 1 and 2) , the predicted folding of these proteins was very similar to that of firefly luciferase, another member of the general AAE superfamily (Staswick et al., 2002) . Also, the ability to catalyze adenylation reactions demanded the inclusion of the hormone adenylases sequences in the AAE superfamily. As a whole, the 63 Arabidopsis genes represent by far the largest AAE superfamily in any organism, eukaryotic or prokaryotic, whose genome has been sequenced to date.
The superfamily formed into seven phylogenetically distinct clades (Fig. 1) . Database homology searches with these sequences suggested a surprising level of novelty in plant AAEs. True homologs from non-plant species could only be found with the genes from clades I (LACS) and II (acetyl-CoA synthetase), while potential matches to some members of clade V also did exist. The other four clades were plant specific, because very closely related sequences for each could be found in a variety of plant species (data not shown). A large majority of the genes in the AAE superfamily had not previously been cloned; therefore very little information was available to suggest potential functions. Aside from the LACS and hormone adenylase enzymes, only a single acetyl-CoA Prokaryotic expression constructs were introduced into E. coli and protein overproduction induced with isopropylthio-␤-galactoside. Membrane fractions from the induced bacterial cultures were used as enzyme sources in acyl-CoA synthetase assays using radioactive fatty acid substrates. Membranes from E. coli containing the empty vector were used as the negative controls.
synthetase (Ke et al., 2000) and three 4CLs (Lee et al., 1995; Ehlting et al., 1999) had been characterized biochemically.
Acetyl-CoA synthetase activity has been measured in purified chloroplasts (Roughan and Ohlrogge, 1994) , and as such was initially thought to be the main supplier of acetyl-CoA for fatty acid synthesis. Recent studies however, suggest that although plant cells can use acetate for fatty acid synthesis, little carbon is channeled through this pathway under normal conditions (Behal et al., 2002; Rawsthorne, 2002) . Therefore, the true role(s) of acetyl-CoA synthetase remains unclear. AAE17 and AAE18 share about 28% amino acid identity with the acetyl-CoA synthetase protein sequence. The enzymes encoded by these two genes also have sequence similarity to the SA gene, a mammalian mitochondrial medium-chain acyl-CoA synthetase. Altered SA expression has been associated with hypertension and elevated plasma cholesterol and triglyceride levels (Iwai et al., 2002) . However, the precise role of SA and its homologs in other organisms (Karan et al., 2001) has not been deduced. Additional work will likewise be necessary to determine the biological function of AAE17 and AAE18.
Clade III contains the hormone adenylases. After overexpression in E. coli, some of these enzymes could catalyze isotope exchange between 32 PPi and ATP when incubated with jasmonic acid, salicylic acid, and/or IAA. Isotope exchange is indicative of the adenylation half-reaction carried out by all other types of AAE enzymes (Bar-Tana et al., 1973) . Interestingly, addition of CoA to the enzyme assays did not cause release of AMP (Staswick et al., 2002) , so it is unlikely that these enzymes are acyl-CoA synthetases. Jasmonate, salicylate, and IAA activity levels are regulated by conjugation to various amino acids and sugars. The clade III enzymes may play a role in formation of these conjugates. Definitive assignment of functions to these enzymes also awaits additional analysis.
The three known 4CLs are contained in clade IV. These enzymes provide thioesters of the various hydroxy-and methoxy-substituted cinnamic acids needed to synthesize numerous phenylpropanoidderived compounds including flavonoids, lignin, coumarins, and cell wall-bound phenolics (Ehlting et al., 1999) . The regulation of gene expression and the biochemical properties of the enzymes encoded by the three 4CLs are well established (Lee et al., 1995; Ehlting et al., 1999; Cukovic et al., 2001; Stuible and Kombrink, 2001 ). These genes have also been characterized in several other plant species, most of which seem to contain 4CL gene families containing between two (Lee and Douglas, 1996) and four (Lindermayr et al., 2002) members. Arabidopsis contains 13 genes with significant sequence identity to other plant 4CLs. Clade IV contains the three previously characterized 4CL genes plus one additional gene (At3g21230) that is very closely related to them (65%-68% amino acid identity to At4CL1 and At4CL2). At3g21230 represents another gene duplication event, given its close chromosomal alignment with At4CL2 (At3g21240), and therefore probably encodes 4CL activity as well. At1g62940 nearly bridges the divide between the clade IV 4CL genes and the 4CL-like genes of clade V; its predicted amino acid sequence shares 38% to 40% identity with members of both clades. As such, its enzymatic activity is less certain, and will require biochemical verification. The 4CL-like genes of clade V represent intriguing variations on the structural properties common to the definitive 4CLs. All eight deduced amino acid sequences of the clade V genes contain type I peroxisome targeting sequences at their respective C termini. None of the five clade IV enzymes contain these sequences. Peroxisomal isoforms of LACS provide long chain acyl-CoA substrates for ␤-oxidation, but coumarate is activated in the cytosol, and essentially nothing is known about peroxisomal metabolism of this acid or the other related acids activated by 4CL, namely caffeate, ferulate, and sinapate. The peroxisomal 4CL-like isoforms may in fact catalyze the CoA activation of smaller subsets of structurally related compounds, such as cinnamic acid and benzoic acid. Several recent reports have identified plant enzyme activities that catalyze the CoA activation of these two acids, or use the resulting thioesters as substrates in other reactions (Abd El-Mawla et al., 2001; Beuerle and Pichersky, 2002) . The biosynthesis of several important hormones and other secondary metabolites depend on benzoyl-and/or cinnamoyl-CoA as substrates (Yang et al., 1997; Ribnicky et al., 1998; Graser et al., 2001) , so characterization of the 4CL/4CL-like genes from clades IV and V may help to expand our understanding of the biosynthesis of these compounds. Alternatively, some or all of the clade V enzymes might participate in the metabolism of very long-chain (ϾC22) fatty acids. Very long-chain fatty acids, and the esters, alcohols, ketones, and aldehydes derived from them, are major components of the surface wax layer that covers the aerial parts of all terrestrial plants. The mouse very long-chain acyl-CoA synthetase mmVLCS2 (Berger et al., 1998) displays relatively higher levels of sequence identity to some of the members of clade V than to other Arabidopsis AAEs. BLAST analysis showed E value scores of 7e Ϫ018 and 3e Ϫ017 for At5g63380 and At1g20510, respectively, compared with values greater than 1e
Ϫ05
for any of the nine LACS enzymes. Therefore, it may be interesting to investigate the clade V enzymes with regard to activation of very long chain fatty acids.
The genes in clades VI and VII were the biggest surprises uncovered in the present study. Clade VI contains at least two members with short-chain or medium-chain acyl-CoA synthetase activity, plant enzyme activities that has received very little previous notice in plants, and with no clear metabolic purpose as yet. Orchard and Anderson (1996) studied short-chain acyl-CoA synthetase enzyme activity in Monterey pine (Pinus radiata) and postulated that it may play a role in metabolizing propionate and acrylate to acetate. The biosynthesis of the branchedchain amino acids Val, Leu, and Ile involves an acid: CoA ligation step but via a completely different mechanism than that used by the enzymes described here. This step in the pathway, catalyzed by branched-chain ␣-keto acid dehydrogenase does not use ATP, requires oxidized NAD, and ultimately decarboxylates the acid substrate (Zolman et al., 2001) . Therefore, it is highly unlikely that the short-chain/ medium-chain acyl-CoA synthetase activities associated with AAE7 and AAE11 are reflective of a role in amino acid metabolism. Additional studies of this subfamily should yield some entirely new and probably unexpected insights regarding activation and metabolism of short-and medium-chain fatty acids.
The genes from clade VII almost defy categorization in a single clade altogether. All three sequences are quite divergent relative to all other members of the superfamily. No obvious enzymatic activity can yet be ascribed to any of the clade VII enzymes; none of the three was active in acyl-CoA synthetase assays using any of the straight chain acids from acetate to myristate (data not shown). The Capsicum annuum homolog of AAE3 was recently cloned, and shown to be rapidly up-regulated by treatment of pepper leaves with either salicylic acid or the pathogenic bacterium Xanthomonas campestris (Lee et al., 2001 ). These intriguing results suggest a role for the enzyme in CoA-dependent acid activation as a part of a pathogen defense response pathway. It is not known whether Arabidopsis AAE3, AAE13, or AAE14 is regulated in a similar manner. The level of divergence between these three genes may indicate specific roles for each gene, with little or no functional overlap, as might be expected from the genes in the other more tightly clustered groups of the superfamily. If this is true, analysis of T-DNA mutants or antisensesuppressed lines for AAE3, AAE13, and AAE14 may provide direct clues as to their functions.
The diversity of potential carboxylic acidactivating genes uncovered in this study provides an exciting opportunity. Future studies that combine the initial characterizations and comparisons described here with the various other useful genomic, proteomic, and metabolomic tools available in Arabidopsis hold great potential. These studies will soon provide powerful new insight and understanding of the various primary and secondary metabolic pathways that depend on carboxylic acid activation by AAEs.
MATERIALS AND METHODS
Sequencing and Sequence Homology Analysis
All DNA sequencing was conducted in the Macromolecular Analysis Laboratory at Washington State University using automated sequencing equipment (Applied Biosystems, Foster City, CA). Sequences were assembled and modified using the GCG suite of programs (Wisconsin Package v10.0, Genetics Computer Group, Madison, WI). Database homology searches were conducted using the database maintained at The Arabidopsis Information Resource (http://www.Arabidopsis.org/). MIPS designations refer to the nomenclature used at the MIPS Arabidopsis database (http:// mips.gsf.de/proj/thal/db/search/search_frame.html). Protein sequence alignments were conducted using the ClustalX program (Thompson et al., 1997) using the default gap creation and gap extension penalty scores. Phylogenetic trees were drawn from the alignments using the TREEVIEW program (Page, 1996) . All other sequence analysis was carried out using GCG (Wisconsin Package v10.0, Genetics Computer Group).
Identification and Cloning of AAE cDNAs
The cDNA clones for the LACS subfamily and several other AAE genes from clade VI were cloned as described previously . The remaining AAE sequences were identified either by sequence homology to known LACS and AAE sequences or through PatMatch searches of the annotated protein sequences. Oligonucleotide primers corresponding to the start ATG and stop codons for each gene were used to generate full-length RT-PCR products for cloning into the prokaryotic expression vectors pET24c or pET24d (Novagen, Madison, WI). First-strand cDNA was produced from mRNA isolated from Arabidopsis cv Wassilewskija (for those cDNAs from clades II, IV, V, and VII) or Arabidopsis cv Columbia (clade VI).
Distribution of Materials
Upon request, all novel materials described in this publication will be made available in a timely manner for noncommercial research purposes. No unreasonable restrictions or conditions will be placed on the use of any materials described in this paper that would limit their use in noncommercial research purposes.
Expression of Arabidopsis AAEs in Brewer's Yeast (Saccharomyces cerevisiae) and Escherichia coli
AAE yeast expression constructs were introduced into the YB525 mutant of Brewer's yeast (Knoll et al., 1995) and analyzed for LACS activity on minimal media containing fatty acids and cerulenin as described previously . AAE pET24 plasmids were transformed into competent E. coli cells and selected on kanamycin-containing media. For those predicted proteins that contained paired AGA/AGG Arg codons (Schenk et al., 1995) , E. coli BL21-RIL (DE3) cells (Invitrogen, Carlsbad, CA) were used to increase the efficiency of full-length protein translation. All other constructs were introduced into the LACS-deficient K27 mutant of E. coli that expressed T7 RNA polymerase, via the chromosomal integration of the DE3 prophage . Liquid cultures were induced with 0.7 mm isopropylthio-␤-galactoside and grown with vigorous shaking overnight at room temperature, and the cells collected by centrifugation. The washed cell pellet was suspended in lysis buffer (50 mm Tris-HCl, pH 7.5 ϩ protease inhibitors) and disrupted by sonication. After low-speed centrifugation (5,000g for 20 min) to remove cellular debris, the membrane and soluble fractions were separated by centrifugation at 100,000g for 1 h. These fractions were suspended in lysis buffer containing 25% (v/v) glycerol, aliquoted, frozen at Ϫ20 C, and used as enzyme sources for the various assays.
Acyl-CoA Synthetase Enzyme Assays
LACS assays were conducted as described previously . For all acid substrates between C2 and C12, the assay conditions and DE81 paper-binding detection method of Roughan and Ohlrogge (1994) was used instead.
Gene Expression Analysis
Gene expression levels were analyzed by relative quantitative RT-PCR as described previously , using total RNA preparations
